those of tyrosine kinases.
Figure 1. The Structure of T␤R-I in Complex with FKBP12
All elements of secondary structure discussed in the text are labeled. This figure and all subsequent ribbon diagrams were generated using RIBBONS (Carson, 1991).
Results and Discussion
(41% identity with T␤R-II) allows the structure presented here to serve as a useful model for TGF␤ receptors in general.
Structure Determination and Basic Architecture of the T␤R-I Kinase

A fragment comprising residues 162-503 of human T␤R-I (hereafter referred to as T␤R-I) was expressed
The T␤R-I Kinase Domain Is in an Inactive Conformation and purified from insect cells. The T␤R-I protein forms a stable complex (1:1) with human FKBP12. Crystals of
Comparison of the structure of the T␤R-I kinase domain with that of the active Ser/Thr kinase PKA reveals several the complex are triclinic, with four complexes in the asymmetric unit. The structure of the complex (Figure 1) features in the T␤R-I kinase that would impair its catalytic activity. The catalytic segment is a highly conserved was solved by multiple isomorphous replacement (MIR, see Experimental Procedures). The current model has and centrally located loop within the protein kinase domain that connects the E helix and the activation segbeen refined to an R value of 24.9% and a free R value (Brü nger, 1992) of 26.9%, using data to a resolution ment (Figures 1 and 2 ). If T␤R-I and PKA are aligned using only their catalytic segments (residues 331-351 of 2.6 Å .
The core region of the T␤R-I catalytic domain (resiin T␤R-I, 164-184 in PKA), it becomes apparent that the N lobe of T␤R-I is shifted away from the active configuradues 205-500) adopts a canonical protein kinase fold, similar to that first seen in the structure of the cAMPtion seen in PKA ( Figure 3A ). The bulk of this movement consists of a 7Њ rigid body rotation about an axis roughly dependent protein kinase PKA (Knighton et al., 1991) . A smaller N lobe is involved in ATP binding, and a larger perpendicular to the N-terminal ␤ sheet of the kinase domain. This rotation results in a shearing of the active C lobe is required for substrate recognition. The N lobe is dominated by a twisted, five-stranded ␤ sheet, while site ( Figure 3B ). Lys-232 and Glu-245, two catalytic groups contributed by the N lobe, are moved by ‫3ف‬ Å the C lobe is largely helical (Figure 1 ). The N-terminal GS region forms a helix-loop-helix segment that is packed with respect to residues contributed by the catalytic segment, namely Asp-333, Asn-338, and Asp-351. tightly onto the outer surface of the ␤ sheet of the N lobe. FKBP12 is bound to the GS region. In the N lobe, Protein kinases engage ATP in a deep groove between their N and C lobes. In T␤R-I, the rotation and distortion type I receptors contain an insertion between strands ␤4 and ␤5 (the L45 loop) that determines Smad substrate of the N lobe damages the integrity of the ATP-binding site. In particular, the phosphate and magnesium recogspecificity (Feng and In T␤R-I, the catalytically inactive conformation appears the presence of AMP-PNP and magnesium. Convincing density for the nucleotide and Mg 2ϩ ions has not been to be maintained by interactions between the N lobe of the kinase, the GS region, and the activation segment. obtained, which is consistent with the partial blockage of the ATP-binding site observed in this structure.
In particular, the GS region and the activation segment act together to position and stabilize the ␣C helix such The observed misorientation of the active site and ATP-binding groove in T␤R-I appears to be a fairly gentle that it tips into and pins back the ␤ sheet of the N We refer to the two helices in the GS region as ␣GS1 the type II receptor. The GS loop forms a wedge that inserts into the space between the ␣C helix and the ␤4 and ␣GS2. Helix ␣GS2 nestles in the groove created by the twisted ␤ sheet of the N lobe and engages in an strand of the N lobe, with the side chain of Ser-191 extending into the very base of the cavity ( Figure 4B ). array of contacts with the top of the ␤ sheet and the amphipathic ␣GS1 helix, forming a hydrophobic core There is a two-residue insertion in the kinase domain that is conserved among type I receptors, which maps ( Figure 4A ). FKBP12 binds directly to the GS2 helix and appears to further reinforce the conformation of the GS to the C terminus of the T␤R-I ␣C helix (Figure 2 ). This insertion allows the C helix to move away from strand region. The network of hydrophobic interactions within the GS region suggests that its conformation is stable ␤4, creating the space required for GS loop insertion. The interactions between the ␣C helix, the GS region, the addition of bulky and negatively charged phosphate groups. Release of the GS region from this internally and the activation segment restrict the motion of the helix ( Figure 4C and 4D). Two elements (residues 368-bound configuration will presumably relieve the inhibitory effects of the GS loop on the C helix and N-terminal 372 in the activation segment and residues 189-192 in the GS loop) act as steric blockers that cage the ␣C kinase ␤ sheet. The configuration of the activation segment will also binding region is intriguing, since FKBP12 has proline rotamase activity (Harrison and Stein, 1990). However have to change in order to relieve the steric blockage to N lobe rotation and to remove Arg-372 from the active neither Leu-193 nor Pro-194 interacts directly with FKBP12 in the structure of the complex. Rather, these site. Many kinases are activated by direct phosphorylation of the activation segment, which leads to a restructwo residues appear to be important for stabilizing the interface. turing that enables kinase activity (Johnson et al., 1996) . T␤R-I contains two threonine residues (362 and 364) FKBP12 binds directly to Leu-195 and Leu-196, two highly conserved residues situated at the N-terminal tip that are potential sites for such phosphorylation. Phosphopeptide mapping of phosphorylated sites in actiof the GS2 helix (Figure 2) . It accommodates the two aliphatic side chains in the same hydrophobic binding vated receptor complexes has revealed no evidence When the ␣ helices in the C lobe of T␤R-I are superimposed with those of other kinases, it becomes apparent that T␤R-I displays the same catalytic segment lowering and E helix bulge characteristic of tyrosine kinases (Figure 6 ). T␤R-I is able to phosphorylate serine and threonine because it lacks a conserved proline (Pro-1172 in IRK), which, in tyrosine kinases, kinks the activation segment such that substrate is held further from the active site. The tyrosine kinase-like disposition of the catalytic segment and the C lobe, however, may explain how the TGF␤ type II receptor can function as a dual specificity kinase, at least under certain conditions in vitro (Lawler et al., 1997) .
The protein kinase of known structure most closely related to T␤R-I in terms of overall sequence identity is the tyrosine kinase IRK, which shares 30% identity with T␤R-I over ‫052ف‬ aligned residues (Figure 2) . The sequence identity between T␤R-I and Ser/Thr kinases is lower (e.g., ‫%22ف‬ versus PKA, ERK2, and Cdk2). The closer similarity between IRK and T␤R-I in terms of sequence is reflected in the three-dimensional structure. The ␣ helices in the C lobe of T␤R-I can be superimposed upon the corresponding helices in IRK (Hubbard, 1997) with a root-mean-square deviation of 1.3 Å for 102 C␣ atoms. The deviation for a similar alignment with PKA (Zheng et al., 1993) is 1.8 Å .
The similarity between TGF␤ family receptors and tyrosine kinases suggests that an ancestor of the former may represent a branch point in the evolution of tyrosine kinases from cytoplasmic serine/threonine kinases. Interestingly, a transmembrane serine/threonine kinase Figure 7) . Its interface is fairly extensive, chains at these sites could alter the dimer interface as a R sym % ϭ 100 ϫ ⌺|I Ϫ ϽIϾ|/⌺I, where I is the integrated intensity of a given reflection. b R iso % ϭ 100 ϫ ⌺|F PH Ϫ F P |/⌺F P , where F PH and F P are the derivative and native structure factor amplitudes, respectively. 
